Abstract. Measurements from the Geoscience Laser Altimeter System (GLAS) aboard NASA's ICESat satellite (2001 l•unch) will be used to estimate the secular change in Antarctic ice mass. We have simulated 5 years of GLAS data to infer the likely accuracy of these GLAS mass balance estimates. We conclude that ICESat will be able to determine the linear rate of change in Antarctic ice mass occurring during those 5 years to an accuracy of •7 mm/yr equivalent w•ter thickness when averaged over the entire ice sheet. By further including the difference between the typical 5-year trend and the long-term (i.e., century-scale) trend; we estimate that GLAS should be able to provide the long-term trend in mass to an accuracy of about +9 mm/yr of equivalent water thickness, corresponding to an accuracy for the Antarctic contribution to the century-scale global sea level rise of about +0.3 mm/yr. For both cases the principal error sources are inadequate knowledge of postglacial rebound and of complications caused by interannual and decadal variations in the accumulation rate. We also simulate 5 years of gravity
difference is equal to the error in the satellite mass balance estimate. We do this for a large number of 5-year simulated periods, so as to be able to characterize the error more fully.
Throughout this paper, we will describe changes in mass in terms of mm/yr of equivalent water thickness. Note that a change in thickness of 1 mm/yr of water is equivalent to a change in surface mass density of 1 (kg/m2)/yr; or, assuming an ice density of 917 (kg/m3), to 1.09 rnm/yr of ice thickness.
Constructing Simulated Data
In this section we describe our method of simulating the GLAS and GRACE data. For GLAS we simulate 5 years of monthly ice sheet elevations, sampled on a grid with uniform 2.25 ø spacing in latitude and 3.75 ø spacing in longitude. It is unlikely that the actual GLAS measurements of crossover differences will be combined into gridded values with exactly this spatial and temporal resolution. A ternporal resolution of 6 months or longer is more probable, given that 6 months is the exact repeat period of the satellite (though the satellite orbit will have a 25-day near-repeat subcycle, which could conceivably permit monthly resolution, if desired). Furthermore, the GLAS crossover differences will be used to find changes in elevations, rather than to find the elevations themselves.
Our decision to simulate elevation fields instead of changes in elevations, and to assume monthly values instead of values every t5 months or longer, was made simply for convenience. It was based partly on the fact that the precipitation fields used to construct the simulated data (see below) are given at monthly intervals.
Our spatial resolution was chosen arbitrarily. In section 2.3 below, we will choose our GLAS measurement errors in such a way that the uncertainty in the secular trend determined from our simulated data agrees with the uncertainty that would be obtained directly from the crossovers.
We assume that the GLAS data are available all the way to the pole. In reality the orbit will have a 94 ø inclination, so there will be no data within 4 ø m 450 km of the pole (though GLAS will have the capability of off-nadir pointing, which could increase the coverage by up to 1 additional degree closer to the pole). However, since this missing region comprises only 5% of the ice sheet and is arid in any case, including simulated data from this region should have only a small effect on our conclusions and simplifies the inversion process considerably.
For GLAS our simulated monthly ice sheet elevations Estimating the contributions to GLAS ice elevation measurements is more complicated. To simulate the change in elevation from our variable mass fields, it is necessary to assume something about the density of snow and ice. The density of newly fallen snow is assumed here to be p8 = 300 kg/m 3. Snow compacts with age and as more snow falls on top of it, eventually reaching the density of the underlying ice, which we assume is pi = 917 kg/m 3. The transition from ps to pi depends both on the compressibility of the snow and on the rate at which more snow is added to the top of the column: i.e., on the accumulation rate.
Suppose that the accumulation rate is constant over long times. Then the vertical density profile at the top of the ice column will eventually reach a steady state situation, so that for every 1 mm of water that gets added to the top of the column in the form of snow, an equivalent I mm of water finishes getting compressed to the density of ice at the ice-snow interface. Thus in the limit of constant accumulation rate, and ignoring the possibility of horizontal flow out of the snow-ice column, the rate of increase in surface elevation will equal the rate of increase in mass, divided by pi. This is the relation we use to convert the long-term 30-mm/yr secular change in equivalent water mass (caused by a combination of ice flow and century-scale accumulation) to a secular elevation change.
At the other extreme, suppose that there are variations in accumulation with periods extremely short compared to the compaction time of the snow. The column will then not have sufficient time to compact in response to the variation in overlying pressure, and so the change in surface elevation will equal the change in accumulating mass, divided by ps. 
Other Contributions to GRACE
The GRACE gravity measurements will also include contributions from variable mass in the ocean, the atmosphere, and the storage of water and snow over continental regions outside of Antarctica.
We We include the effects of continental water storage by using output (C. Milly and K. Dunne, personal communication, 1999) from a land-surface water and energy balance model coupled to a high-resolution climate model at the Geophysical Fluid Dynamics Laboratory in Princeton. The model generates daily, gridded estimates of soil water, snowpack, surface water, and groundwater. These are used to construct monthly averaged geoid coefficients, which are then included as part of the synthetic GRACE data. The model's predictions of water (i.e., snow) storage on Antarctica are not included, since we are using output from the NCAR climate model for that.
Variations in the distribution of atmospheric mass contribute to the time-variable geoid measured by GRACE. This variability can be modeled using global, gridded pressure fields, such as those routinely produced by such weather forecast centers as the ECMWF and the National Centers for Environmental Prediction (NCEP). We expect that the atmospheric contributions estimated from these pressure fields over land will be routinely removed from the GRACE observations, before using those observations to study Antarctic mass balance. We expect that no pressure corrections will be made over the ocean.
The pressure fields over land are not perfect, and errors in those fields could degrade the Antarctic results. To model this degradation, we estimate the errors in the monthly averaged pressure fields over land as 5P = (PEClVlWF --PNCEP)/X/•, where PECMWF and PNCEP are the monthly averaged surface pressure fields predicted by the ECMWF and NCEP, respectively. We use 5P to estimate monthly geoid coefficients and include those coefficients in our synthetic GRACE data.
We find from the simulation described in section 5. In this section, we use our simulated satellite data to understand the likely impact a variable accumulation rate might have on the inferred century-scale trend. V•Te will separate the effects, somewhat artificially, into the two error types described in the preceding paragraph. We will refer to the fact that a 5-year mass trend might differ from the century-scale mass trend as the ;'undersampling error." We will refer to the error in the GLAS mass balance estimate caused by approximating Hm (•) in (2) with 1/pi as the ;;compaction error." Note that the compaction error causes an error in the GLAS estimate of the 5-year trend (and hence also of the multicentury trend).
We can estimate the relative importance of these two error sources prior to doing any simulations. In sections 3.1 and 3.2 below, xve use our simulated data to estimate absolute amplitudes for these errors and to obtain an estimate of the relative importance of the two error sources without assuming a white accumulation rate spectrum. One of our conclusions is that the ratio of the compaction error to the undersampling error is actually closer to 1.5 than to 2. Figure 2c shows that some 5-year trends could be as large as 18 mm/yr (water thickness equivalent) but that the rms is 4.5 mm/yr. We thus conclude that the compaction error in GLAS mass balance estimates is likely to be +4.5 mm/yr, which is equivalent to an error of about +0.15 mm/yr in global sea level rise. Note that the compaction error is about a factor of 1.5 larger than the undersampling error, rather than the factor of 2 derived above under the assumption of a white accumulation rate spectrum.
Undersampling Error
As expected, the compaction error (Figure 2c ) is reasonably well in phase with the undersampling error (Figures lb and 23) . The sum of these two errors (Figure 2b) has an rms of 7.5 mm/yr, which is about equal to the sum of the rms values for the undersampling error (3.1 mm/yr) and the compaction error (4.5 mm/yr). 
Postglacial Rebound Error
To estimate the possible effects of PGR on the GLAS and GRACE mass balance estimates, we use the re- Our contention is that, none of these proposed modifications to ICE-3G (i.e., either melting the ice earlier or additional melting/growth over the last 4000 years), or the various lower mantle viscosity values considered, are unambiguously refuted by existing data. By computing and comparing the rebound signals for these various models, we obtain some estimate of the uncertainty in the prediction of the effects of PGR on GLAS and GRACE.
Once we estimate the secular changes in the ice sheet elevation and in the geoid caused by one of these PGR models, we assume that the change is misinterpreted during GLAS and GRACE analyses as the effects of a secular variation in Antarctic ice mass. We estimate the secular ice mass variation that would be mistakenly inferred from the satellite data.
To do this for G LAS, we use the rebound models to compute the elevation change at each point of our 2.25øx 3.75 ø GLAS grid. For instance, if the rebound model predicts uplift of the crust, that will map directly
into an apparent increase in the elevation of the ice surface. We average those gridded elevation changes over the ice sheet. We assume that the secular mass balance will be estimated by multiplying the elevation change by the density of ice (917 kg/m3). Table 1 The secular change in ice mass in mm/yr of water thickness. In all cases, the upper mantle viscosity is 1021 Pa s, and the lithospheric thickness is 120 km. "vise" refers to the lower mantle viscosity in units of l021 Pa s. Ice models A-D are described in the text.
•ant : J•nt f(e, P,vat, er A ant ' (5) where Pwater is the density of water, the integral in (5) is over the Antarctic ice sheet, and Aant is the area of the ice sheet. 
Combining GLAS and GRACE

Measurements
Here we describe a method of using GRACE data to reduce the PGR contributions to the GLAS measurement errors. In effect, GLAS is sensitive to one linear combination of PGR and present-day ice balance, and GRACE is sensitive to another. So by using both measurement types we can (letermine two linear combinations of these two variables and so can estimate each variable separately. As we shall see, the effectiveness of this approach depends on the compaction error. Our proposed method of combining the two data types is iterative. We assume 5 years of coincident measurements for each satellite. We initially use the GLAS data alone to determine the secular rate of change in ice mass averaged over Antarctica. We refer to this initial estimate as the zeroth iteration.
We could make this initial estimate either after removing an independently determined PGR model from the original GLAS data or without making any attempt to model the PGR To iterate, we compute the secular rate of change in the geoid caused by this zeroth order GLAS mass balance esti•nate and remove that geoid signal from the GRACE data. The secular geoid change inferred from the residual GRACE data is then interpreted as being due entirely to PGR. This estimate of the PGR geoid signal is used to compute the PGR crustal uplift signal, using a method described in section 5.1 below. This crustal uplift PGR estimate is removed from GLAS, and the residuals are used to determine a better ice balance estimate. We refer to this estimate as the first iteration.
We repeat the process: compute the geoid contributions from this new GLAS ice mass estimate and remove them from GRACE, interpret the secular component of the new GRACE residuals as the effect of PGR and remove it from GLAS, and use the GLAS residuals to construct a further improved ice balance estimate, which is referred to as the second iteration.
We can continue iterating in this manner indefinitely.
Estimating PGR Uplift From the PGR Geoid Change
During this iterative process we must estimate the PGR crustal uplift rates (to remove from GLAS) from knowledge of the PGR secular geoid changes (inferred from GRACE). We have discovered a method of doing this that does not require assumptions about the ice model or viscosity profile. viscosity profile and ice model and then using (8), (9), and (7) to find the uplift rates. Note the similarity between Figures 3a and 3b. Figure 3c shows the difference, which is almost, negligible on the scale used in 
A Simulation
We use 5 years of simulated monthly GLAS and GRACE data, constructed as described in section 2. We apply the iteration process described above to estimate the 5-year secular change in mass averaged over Antarctica. We do this first without including contributions from a varying accumulation rate in our simulated data. Thus there is no compaction error in this initial case. tal mass of the Antarctic ice sheet. To study the mass imbalance from glaciological and climatic perspectives, the most fundamental quantity is the secular trend over timescales of a century or longer, since the variability of large-scale ice flow tends to occur on those sorts of timescales. Perhaps there will eventually be data from enough consecutive satellite missions to be able to address century-scale variability directly. In the meantime, a more modest but more easily attainable objective is the mass balance rate over the lifetime of a single, or perhaps a few, successive missions. Using the results in this paper, we can estimate the errors in determining both these quantities, i.e., both the century-scale trend and the mass balance rate over one or more mission lifetimes.
There will be two significant sources of error when using GLAS altimeter data alone to infer the secular change in the total mass of the Antarctic ice sheet. One is the uncertainty in the PGR model used to predict Antarctic crustal uplift. The other is the fact that the accumulation rate will be variable at periods significantly shorter than a century. For this application the GLAS measurement errors are substantially less impor- Results are shown for multiple, successive missions, for up to 20 years of continuous data. The estimated errors are given in mm/yr of water thickness. Here, "equiv," equivalent.
than they are on vertical crustal motion. However, by combining altimeter and gravity data taken at the same time, the PGR error in the altimeter measurements can be reduced to •30% of the compaction error. This remaining PGR error has the same sign as the compaction error, so that the two errors add constructively.
The fourth and fifth columns of Table 2 show the estimated uncertainties when the altimeter and gravity data are combined. Note that for a 5-year mission there is only marginal improvement when adding the gravity data, particularly when estimating the secular-scale trend. On the other hand, it should be emphasized that the uncertainty in the PGR models is poorly known. Our assumed +5-mm/yr uncertainty in the GLAS estimates caused by PGR errors is inferred from an incomplete suite of possible ice models and viscosity profiles. It is not inconceivable that the altimetersonly uncertainties shown in Table 2 underestimate the true uncertainty. By including the gravity data in the solution the PGR error is reduced to 30% of the compaction error, no matter how accurate the PGR model is. Thus the altimeter plus gravity results in Table 2 are independent of the accuracy of the PGR model. The advantage of combining with gravity becomes most evident for longer cumulative mission lengths. After 10 years or so, altimetry without gravity comes up against a fundamental limit in accuracy caused by the uncertainty in the PGR uplift. Once this limit is reached, continued altimetric observations alone cannot provide much further improvement. By introducing satellite gravity measurements into the solution process this limit is overcome, and the total mass balance uncertainty converges toward zero with increasing observing period.
Two Caveats
Our conclusions are dependent on the assumption that the CSM-1 climate model adequately reproduces the general spatial and temporal characteristics of Antarctic accumulation. This is a difficult assumption to assess, as discussed in section 2.1, and we are not able to quantify its level of uncertainty.
In general terms, if CSM-1 significantly underestimates the temporal variability in Antarctic accumulation, then the compaction error could conceivably become notably larger than the PGR error. After combining GLAS and GRACE data the total remaining error in determining the 5-year mass balance rate is •01.3 times the compaction error alone. So if the compaction error were significantly larger than that inferred in section 2.1, this final error could well be larger than the sum of the compaction error and the original PGR error that affected the GLAS-only analysis before the addition of GRACE. Conversely, if CSM-1 significantly overestimates the temporal variability, then the compaction error would be smaller than that inferred here, and the advantage of combining with GRACE data would become more pronounced.
Our other caveat is that our method of combining GRACE and GLAS data makes use of the approximate relations (8) and (9) to transform the geoid change inferred from GRACE to the crustal uplift signal that affects GLAS. We have found that approximation to work well if the Earth's viscosity profile is spherically symmetric. Mineralogical arguments suggest that there could be large, thermally driven, lateral variations in viscosity, particularly in the upper mantle. Incorporating aspherical viscosity into a PGR model is a difficult problem that is just now beginning to receive attention. We do not presently know how large the effects of lateral viscosity are, nor do we know whether those effects, large or sinall, would have a significant impact on the approximations (8) and (9). 
